Practical expressions for the mean escape depth, the information depth, and the effective attenuation length in Auger-electron spectroscopy and x-ray photoelectron spectroscopy
Introduction
The Commission on Atomic Weights and Isotopic Abundances met under the chairmanship of Professor K. G. Heumann from 6 th _8 th August 1993, during the 37 th IUP AC General Assembly in Lisbon, Portugal. The Commission decided to publish the report "Atomic Weights of the Elements 1993" as presented here.
The Commission has reviewed the literature over the previous two years since the last report I and evaluated the published data on atomic weights and isotopic compositions on an element-by-element basis. The atomic weight of an element (Tables 1 and 2) can be detennined from a knowledge of the isotopic abundances and corresponding atomic masses of the nuclides of that element. The latest compilation of the isotopic abundances and atomic masses with an relevant data nnd.7 -26Rg/gS/2414l11561/16/$10.00 was published in 1991,2 and 1985,3 respectively. The Commission periodically reviews the history of the atomic weight of each element emphasizing the relevant published scientific evidence on which decisions have been made. 4
Membership of the Commission for the period 1991-1993 was as follows: K. G. Heumann (FRG, Chairman); T. B. Coplen (USA, Secretary); H. J. Dietze (FRG, Associate); M. Ebihara (Japan, Associate); J. W. Gramlich (USA, Titular); H. S. Hertz (USA, Associate); H. R. Krouse (Canada, Titular); R. D. Loss (Australia, Associate);G. Ramendik (Russia, Associate); K. J. R. Rosman (Australia, Titular); L. Schultz (FRG, Associate); M. Shima (Japan, Titular); P. Taylor (Belgium, Associate) ; L. Turpin (France, Associate); K. Wade (UK, Titular); P. De Bievre (Belgium, National Representative); E. Giesbrecht (Brazil, National Representative); N. N. Greenwood (UK, National Rcprcscntativc); D. Richardson, (USA, National Representative); Y. Xiao (China, National Representative ).
Comments on Some Atomic Weights and Annotations
2.1. Titanium
The Commission has changed the recommended value for the standard atomic weight of titanium to Ar(Ti) = 47.867(1) based on the calibrated positive thermal ionization mass-spectrometric determination by Shima and Torigoye. 5 The previous value, Ar(Ti) = 47.88(3), was based on recalculation of the chemica1 6 . 7 and the available mass-spectrometric determinations,8.9.IO,Il.12,13 but was weighted towards the calibrated massspectrometric measurements of Belsheim. 13 Although highly precise mass-spectrometric determinations by Heydegger et al., 14 Niederer et al. 15 and Niemeyer and Lugmair16 have been published since 1979, none of those were calibrated measurements. Therefore, the Commission retained the previous values of ArCTi) and its uncertainty. Historical values of Ar(Ti) [values before 1961 are based on AlO) = 16 exactly; more recent values are concordant with Ar(O) = 15.9994] include: 1894, 48; 1896, 48.15; 1903, 48.1; 1927, 47.90; 1969,47.90(3); and 1979,47.88(3) .
It should he noted that the two calihrateCl measnrements hy Shima and Torigoye 5 and Belsheim 13 show excellent agreement. Titanium is an abundant, widely distributed element, yet the previous value of Ar(Ti) carried the relative uncertainty of 6.3 XI 0-4 . This uncertainty was the result of instrumental difficulties with titanium and not because of natural isotopic variability. Hoggll and Belsheim 13 searched for, but found no measurable variability in the isotopic composition of terrestrial titanium. Furthermore, recent investigations have not detected any variations in isotopic abundance in meteorites 14.15.16.17.18.19 .
Iron
The Commission has changed the recommended value for the standard atomic weight of iron to ArCFe) = 55.845(2) based on recent calibrated positive thermal ionization mass-spectrometric measurements carried out on a metallic iron sample of high purity by Taylor et aZ. 20 The magnitude of the uncertainty on this value is mainly due to the variations of iron isotopic composition found by Dixon et al. 21 in geological and biological samples. The previous value of Ar(Fe) = 55.847(3) was assigned in 1961,22 based on mass-spectrometric measurements. Historical values of Ar(Fe) [values before 1961 are based on Ar(O) = 16 exactly; more recent values are concordant with Ar(O) = 15.9994] include: 1894,56.04; 1896, 56.02; 1900, 56.0; 1901, 55.9; 1909, 55.85; 1912, 55.84; 1940, 55.85; and 1961, 55.847(3) .
Antimony
The Commission has changed the recommended value for the standard atomic weight of antimony to Ar(Sb) = 121.760(1), based on the calibrated positive thermal ionization mass-spcctrometric determination by Chang et al. 23 The previous value of Ar(Sb) = 121.757(3), which was adopted by the Commission in 1989 2 was based on the mass-spectrometric measurement by de Laeter and Hosie,24 which was supported by other high quality measurements by Chang et al., 25 and by Wachsmann and Heumann. 26 Historical values of Ar(Sb) [values before 1961 are based on Ar(O) = 16 exactly; more recent values are concordant with Ar(O) = 15.9994] include: 1894, 120.23; 1896, 120.43; 1900, 120.4; 1924, 120.2; 1925, 121.77; 1961, 121.75; 1969, 121.75(3); and 1989, 121.757(3) .
A survey of five stibnite minerals and five laboratory reagents was also carried out by Chang et al. 23 No evidence of isotopic fractionation for any of the terrestrial materials was found.
Iridium
The Commission has changed the recommended value for the standard atomic weight of iridium to Ar(Ir) = 192.217(3) based on recent high precision measurements using both positive and negative thermal ionization mass spectrometry. The previous value, AlIr) = 192.22(3), was based on two massspectrometric determinations by Sampson and Bleakney27 and Baldock. 28 A more recent ArCIr) value reported by Creaser et al. 29 was not considered by the Commission due to the fact that only a single measurement was made. Recent work by Walczyk and Heumann 30 and Chang and Xia0 31 were evaluated by the Commission. The work of Walczyk and Heumann was chosen by the Commission as the best measurement due to its better precision; however, both measurements are in agreement with their stated uncertainties. The new value represents a significant improvement in the precision of the atomic weight and is in agreement with the previous measurements. Historical values of Ar(Ir) 1894, 193.1; 1896, '193.12; 1900,193.1; 1903, 193.0; 1909, 193.1; 1953,192.2; 1969, 192.22 (3).
lithium
The Commission has noted with concern the commercial dissemination of significant quantities of laboratory reagents that have been artificially depleted in 6Li, resulting in labels 1m containers of reagents with incorrect atomic-weight val-lICS, which actually may range from 6.94 to 6.99. To make t'hemists aware of this problem, the Commission has enclosed 11 r (Li) in brackets in Tables 1 and 2. To emphasize that 6Li depleted materials arc commonly available (especially in the U.S. and Europe), the listed value is therefore marked with a dagger, and the footnote for the dagger reads:
Commercially available Li materials have atomic weights that range between 6.94 and 6.99; if a more accurate value is required, it must be determined for the specific material. An article discussing the variation in Ar(Li) win be prepared during 1994.
The Table of Standard Atomic Vtleights

.
Following past practice. the Table of Standard Atomic Weights 1993 is presented both in alphabetical order by names in English of the elements (Table 1 ) and in the order of atomic numbers ( Table 2) . The Commission wishes to emphasize the need tor new precise calibrated isotopic composition measurements in order to improve the accuracy of the atomic weights of a number of elements which are still not known to a satisfactoPj level of accuracy.
The names and symbols for those elements with atomic numbers 104 to 109 referred to in the following tables are systematic and based on the atomic numbers of the e1ements recommended for temporary use by the HJPAC Commission of the Nomenclature of Inorganic Chemistry.32 The names are composed ot the following roots representing digits of the atomic number: The ending "ium" is then added to these three roots. The three-letter symbols are derived from the first letter of the corresponding roots.
Relative Atomic i\~asses
HaU .. Uves
Selected RadlonucUdes
The Commjssion on Atomic Weights and Isotopic Abundances as in previous years publishes a table of relative atomic masses and haif-lives of selected radionuc1ides for elements without a stable nuclide (see Table 3 ). Since the Commission has no prime responsibility for the dissemination of such values, it has not attempted either to record the precision possible or to make its tabulation comprehensive. There is no general agreement on which of~hc isotopes of lhe radioactive elements is, or is likely to be judged, tant." Various criteria such as "longest half-lire", "produc tion in quantity", "used commerciallyn, etc., have IK'Cll ;\pplied in the Commission's choice. The relative aiolni,,' 11):1.'),')(':--; are derived from the atomic masses (in u) rCC()mllll'IH leI! hv J\udi and Wapstra. 3 The half-lives listed are those provided by Holden. 33 , 34, 35.36 1993 Isotopic Abundances, published in Pure and Applied Chemistry, exceed the needs and interests of most users, who are more concerned with 'the length of time during which a given table has validity to the precision limit of their interests. Accordingly, the Commission on Atomic Weights and Isotopic Abundances in 1987 decided to prepare for publication a revised and updated version of the 1981 Table of Atomic Weights Abridged to Five Significant Figures. or fewer where uncertainties do not warrant even five-figure accuracy (this currently applies to eight elements). When an atomic weight is known to more than five significant figures, it is abridged in this Table to the five-figure value closest to the unabridged best value. When the sixth digit of the unabridged value is 5 exactly, it is rounded up or down to make the fifth digit in this abridged Table even. The single-digit uncertainty in the tabulated atomic weight is held to be symmetric -that is, it is applicable with either a positive .or a negative sign.
The abridged Table (Table 4 ) is here given with the reasonable hope that not even one of the quoted values will need to be changed because of every biennial revision of the unabridged Table, although the quoted uncertainties may have altered. Moreover, any change in an abridged value will probably be by only one unit in the last significant figure or by adding a fifth significant figure where only four can be given now. Such constancy in these values is desirable for textbooks and numerical tables derived from atomic-weight data. However, it should be remembered that the best atomicweight values of 27 elements are sti]] uncertain by more than one unit in the fifth significant figure. The annotated warnings of anomalous geological occurrences, isotopically altered materials, and variability of radioactive elements are relevant even in the abridged that is, the 8 2 H value of SLAP is -428 per mil (%0 or parts per thousand) relative to VSMOW;
(2) 13C/12C relative ratios of all substances be expressed relative to VPDB (Vienna Peedee belemnite) on a scale such that the 13C/12C of NBS 19 carbonate is 1.00195 times that of V Pl:JH, that is, the Ol:lC value of NHS 19 is defined to be +1.95 per mil relative to VPDB;
(3) 18 0/ 16 0 relative ratios of all substances be expressed relative to either VSMOW or VPDB on scales such that the 18 0/ 16 0 of SLAP is 0.9445 times that of VSMOW, that is, the 8 18 0 value of SLAP is -55.5 per mil relative to VSMOW; and (4) Reporting of isotopic abundances relative to SMOW (Standard Mean Ocean Water) and PDB (Pee dee belemnite) be discontinued.
Furthennore, if reported isotopic abundances of a mineral or compound have been detennined using isotopic fractionation factors, users should (i) indicate their values of all such i:sutvpic fractiunatiun factur:s, or (ii) imlicate the i:sutupic abundance obtained for a reference material of the same mineral or compound. A report discussing reporting of hydrogen, carbon, and oxygen isotopic abundances has been prepared by T. B. Coplen 37 .
The Commission also recommends that only International Atomic Energy Agency distributed primary stable isotopic reference materials, such as VSMOW water, SLAP water, and NBS 19 calcium carbonate, be used to calibrate local laboratory reference materials for use in detennining relative stable hydrogen, carbon, and oxygen isotopic abundances.
Non-Terrestrial Data
The isotopic abundance of elements from non-terrestrial sources fonn a rapidly expanding body of knowledge. Infor-mation about non-terrestrial isotopic abundances can be obtained from mass-spectrometric studies of meteoritic, lunar or interplanetary dust materials, from space probes using mass and far-infrared to ultraviolet spectra, from ground-based astronomical photoelectric and radio observations. It has been established that many elements can have a different isotopic composition in non-terrestrial materials from that in nonnal terrestrial matter. These effects have been substantiated by recent precise mass-spectrometric measurements of meteorites, lunar material, and interplanetary dust. Recently, very large variations in isotopic abundance have been reported for a wide range of elements in meteoritic materials. An example of this has been found during grain by grain isotopic analyses of the minute components of primordial meteorites, such as the SiC in the Murchison carbonaceous chondrite which shows very large variations (up to 3 orders of magnitude greater than terrestrial variation) in the carbon and nitrogen isotopic abundances (see Fig. 1 and Ref. 38) The:se large variatiun:s cannut be exp1ained by any known process for terrestrial materials but agree with isotopic variations predicted by nucleosynthetic models. Clearly, the SiC from Murchison has several different nucleosynthetic origins and predates the fonnation of our solar system. This example shows that the early solar system was not completely homogenized with respect to the isotopic composition of the elements and that extra-solar materials still reside in our solar system. Excellent reviews describing isotopic anomalies in non-terrestrial materials are given by Clayton/ 9 Clayton eT al., 40 Kerridge and Matthews,41 Ott,42 G. J. Wasserburg, 43 Wiedenbeck, 44 and de Laeter. 45 . 46 Those interested in more comprehensive reviews, including specific data and additional references, should refer to Shima 47 . 4f "110 Shima and Ebihara. 49
• Explosive
He-burning It is important to realize that, although most of the reported isotopic anomalies are small, some variations are quite large. For this reason, scientists dealing with the chemical analysis of non-terrestrial samples should exercise caution-when the isotopic composition or the atomic weight of a non-terrestrial ~ample is required. The data have been classified according to major alteration or production processes, or according to sources of materials with different isotopic composition of the ~lement. This is described in more detail in the following:
Processes
A. Mass Fractionation
Mass dependent fractionation which occurs before the fonnation as well as in later stages of the history of the solar system. A-I Fractionation by Volatilization or Condensation. A-2Fractionation by Chemical Processes: This includes some specific cases, such as the production of organic compounds. mass spectrometer of the Giotto spacecraft. The isotopic ratios of C and N of cometary material are detennined by CN rotational lines of ultraviolet spectra. Although this Commission does not attempt to systematically review the literature on the isotopic composition of non-terrestrial materials, some examples of isotopic variations have been given in past reports. In order to provide a more comprehensive view of recent research on the isotopic variations found in these materials, we have chosen in this report to present some of these data in Tables 5 and 6.  Table 5 lists experimental results for a selection of the largest reported variations. This information has been classified in terms of the major process involved which produces the difference in isotopic composition from the nonnal terrestrial isotopic composition. Thus, for example, the table lists the largest deviation reported for 53Cr caused by decay of the now extinct nuclide ,jMn (process C-l). Each individual pro-ce~s is listed only once. These data are measured values reported in publications and do not represent extrapolated individual compositions of specific processes.
B. Nuclear Reactions
Entries given as "8" are in %0 (parts per thousand). The "8" values are expressed by respective numbers, e.g., the meaning of 8(53,52) is as follows: Where an isotopic ratio or an atomic weight is given, the terrestrial value (truncated where necessary to an appropriate number of significant figures) is given for comparison in parenthesis. Table 6 lists examples of isotopic compositions and atomic weights of elements from different non-terrestrial sources.
Other Projects of the Commission
The Working Party on Natural Isotopic Fractionation presented a report which was produced during the Working Party's meeting in Sintra, Portugal, before the IUPAC General Assembly in Lisbon and included comments from the Working Party's meeting in March 1992 at Brookhaven National Laboratory, Upton, New York. The Working Party has decided to prepare a report for Pure & Appl. Chem., consisting primarily of plots (where possible) that show the variation in natural isotopic abundance, atomic weights, and standard 8 values (where possible) for the elements H, He, Li, B, C, N, 0, Ne, Si, S, CI, K, Fe, Cu, Se, Pd, Te, and U. A companion report that will be much longer will include numerous references to be published as a U.S. Geological Survey Open-File Report.
At its Brookhaven meeting the Working Party on Natural Isotopic Fractionation discussed the various spellings of the symbol %0 (parts per thousand) used to express stable-isotoperatio data. It was concluded that (i) it would be too difficult to advocate a uniform spelling for "per mil" (also per mill, per mille, pennil, etc .), and (ii) alternative units should not be considered. These conclusions were reaffinned in Sintra and at the Commission's meeting in Lisbon. It might be appropriate for CA WIA to seek guidance from the International Organiz.ation uf Stamlanliz.alion.
The Working Party on Natural Isotopic Fractionation has noted that the uncertainties in the values of isotopic reference mMe.rials distributed by the International Atomic Energy Agency (Vienna, Austria) and the National Institute of Standards and Technology (Gaithersburg, Maryland, USA) might be improved by a detailed assessment. Thus, it was resolved that the Working Party wi}] become involved in the evaluation of isotopic reference materials and will prepare a "Review of Isotope-Reference Materials" for IUPAC with updates every two years or as appropriate.
In 1989 it was recognized by the Commission that apart from those elements for which there is a "calibrated measurement" or which have an atomic number less than 19, uncertainties calculated using the current guidelines often significantly underestimate what is considered by the Commission to be appropriate. Therefore it seemed desirable to incorporate into these guidelines some of the other factors the Commission routinely incorporated into these calculations. Also most published data which the Subcommittee for Isotopic Abundance Measurements evaluates are now in the fonn of isotopic abundance ratios rather than isotopic abundances. Therefore, to meet these concerns, the Commission established the Working Party on Statistical Evaluation oJIsotopic Abundances to (i) modify guidelines to take into account isotope fractionation, and (ii) develop computational procedures and computer software for computing atomic weights and uncertainties in a completely orthodox manner from either isotopic ratios or isotopic abundances, including the calculation of variance. The Working Party completed its tasks and recommended that (i) the new guidelines, as well as the new computational procedures, be used for the preparation of the' '1995 Table of Isotopic Compositions of the Elements," (ii) the Commission support the publication of "Computational procedures for the calculation of the atomic weight of an element and its uncertainty from measured or published isotopic measurement data" by F. Schaefer, S. Valkiers, P. D. P. Taylor and P. De Bievre and "Assessment procedures used to evaluate published isot()pic abundance data" by K. Rosman, P. D. P. Taylor, P. De Bievre and J. Gramlich. J. de Laeter will incorporate these guidelines into the Commission's new Technical Handbook, which he plans to complete in early 1994.
During the last two years, documents by Aston, Baxter, Soddy, Curie, Hahn, Richards, and others (dating from the earlier half of this century) were transferred from IUP AC headquarters to the Commission's archive at the Chemical Heritage Foundation (previously known as the Arnold and Mabel Beckman Center for the History of Chemistry) in Philadelphia by N. N. Greenwood, H. S. Peiser, T. Murphy, and T. B. Coplen. Along with N. Holden the above named individuals have provided assistance in organizing the archive during the past two years. TABLE 1. Standard atomic weights 1993 [Scaled to A/ 2 C)"" i 2]. The atomic weight" of many eiement!O< are not invariant hut depend on the origin and treatment of the material. The standard values of Ar(E) and the uncertainties (in parentheses, following the last significant figure to which they are attributed) apply to elements of natural terrestrial origin. The footnotes to this . The atomic weights of many elements are not invariant but depend on the origin and treatment of the material. The standard values of Ar(E) and the uncertainties (in parentheses, foHowing the last significant figure 10 which they are attributed) apply to elements of natural terrestrial origin. The footnotes to this *Element has no stable nuclides. One or more well-known isotopes are given in Table 3 with the appropriate relative atomic mass and half-life. However, three such elements (Th, Pa, and V) do have a characteristic terrestrial isotopic composition, and for these an atomic weight is tabulated. tCommercially available Li materials have atomic weights that range between 6.94 and 6.99; if a more accurate value is required, it must be determined for the specific material. ggeological specimens are known in which the element has an isotopic composition outside the limits for normal material. The difference between the atomic weight of the element in such specimens and that given in the Table may exceed the stated uncertainty. mmodified isotopic compositions may be found in commercially available material because it has been subjected to an undisclosed or inadvertent isotopic fractionation. Substantial deviations in atomic weight of the element from that given in the Table can occur. rrange in isotopic composition of normal terrestrial material prevents a more precise Ar(E) being given; the tabulated Ar(E) value should be applicable to any normal material. ) "" 12). The atomic weights of many elements are not invariant but depend on the origin and treatment of the material. The standard values of Ar(E) and the uncertainties (in parentheses, following the last significant figure to which they are attributed) apply to elements of natural terrestrial origin. The footnotes to this The atomic weights of many elements are not invariant but depend on the origin and treatment of the materiaL The standard values of AlE) and the uncertainties (in parentheses, following the last significant figure to which they are attributed) apply to elements of natural terrestrial origin. The footnotes to this Atomic weights, scaled to the relative atomic mass, Al2C) -= 12, are here quoted to five significant figures unless the dependable accuracy is more limited by either the combined uncertainties of the best published atomic-weight determinations, or by the variability of isotopic composition in normal terrestrial occurrences (the latter applies to elements annotated r). The last significant figure of each tabulated value is considered reliable to ± 1 except when a larger single-digit uncertainty is inserted in parentheses following the atomic weight. Neither the highest nor the lowest actual atomic weight of any normal sample is thought likely to differ from the tabulated value by more than the assigned uncertainty. However, the tabulated values do not apply either to samples of highly exceptional isotopic composition arising from most unusual geological occurrences (for elements annotated g) or to those whose isotopic composition has been artificially altered. Such might even be found in commerce without disclosure of that modification (for elements annotated m). Elements annotated by an asterisk (*) have no stable isotope and are generally represented in this Table by just one of the element's commonly known radioisotopes, with a corresponding relative atomic mass in the atomic-weight column. However, three such elements (Th, Pa, and U) do have a characteristic terrestrial isotopic composition, and for these an atomic weight is tabulated. For more detailed information users should refer to the full IUPAC Atomic weights, scaled to the relative atomic mass, ArezC) '" 12, are here quoted to five significant figures unless the dependable accuracy is more limited by either the combined uncertainties of the best published atomic-weight determinations, or by the variability of isotopic composition in normal terrestrial occurrences (the latter applies to elements annotated r). The last significant figure of each tabulated value is conside.Jed-reiiable to ::t J except when a larger single-digit uncertainty is inserted in parentheses following the atomic weight. Neither the highest nor the lowest actual atomic weight of any normal sample is thought likely to differ from the tabulated value by more than the assigned uncertainty. However, the tabulated values do not apply either to samples of highly exceptional isotopic composition arising from most unusual geological occurrences (for elements annotated g) or to those whose isotopic composition has been artificially altered. Such might even be found· in commerce without disclosure of that modification (for elements annotated m). Elements annotated by an asterisk (*) have no stable isotope and are generally represented in this Table by just one of the element's commonly known radioisotopes, with a corresponding relative atomic mass in the atomic-weight column. However, three such elements (Th, Pa, and U) do have a characteristic terrestrial isotopic composition, and for these an atomic weight is tabulated. For more detailed information users should refer to the full IUPAC available Li materials have atomic weights that range between 6.94 and 6.99; if a more accurate value is required. it must be determined for the specific material. 
